Abstract We transplanted Sphagnum 'turfs' containing abundant Drosera rotundifolia into an existing nitrogen deposition experiment at Whim Moss near Edinburgh. These mesocosms received simulated N deposition as either . Simulated N deposition was added in a realistic way (i.e., with rainfall throughout the year). The δ 15 N of this added N was elevated relative to background N. We measured the tissue chemistry and δ 15 N of Sphagnum papillosum and D. rotundifolia over two years after transplant. Our aim was to determine uptake of the deposited N and the impact on S. papillosum tissue chemistry and D. rotundifolia tissue chemistry and ecology. We found clear, significant impacts of N deposition on S. papillosum, with increased capitula N content and reduced C:N ratio. Increased δ 15 N indicated uptake of deposited N. The response of D. rotundifolia was less clear with impacts only at the highest rate of N deposition. There was no evidence of differential uptake of reduced or oxidized wet N deposition by either S. papillosum or D. rotundifolia. Using the natural abundance stable isotope method we estimated the minimum contribution of prey N to the total N in D. rotundifolia to be 35%. The results suggest that differences in the uptake of reduced or oxidized wet N deposition might not be ecologically significant when wet N deposition is added realistically. They also support the suggestion that a model of N dynamics in Sphagnum-dominated ecosystems that includes the role of Sphagnum as a small-scale ecosystem engineer, is required to predict vascular plant responses to N deposition accurately.
, to give total N deposition rates of approximately 8, 16 or 32, or 64 kg N ha -1 year -1 . Simulated N deposition was added in a realistic way (i.e., with rainfall throughout the year). The δ 15 N of this added N was elevated relative to background N. We measured the tissue chemistry and δ 15 N of Sphagnum papillosum and D. rotundifolia over two years after transplant. Our aim was to determine uptake of the deposited N and the impact on S. papillosum tissue chemistry and D. rotundifolia tissue chemistry and ecology. We found clear, significant impacts of N deposition on S. papillosum, with increased capitula N content and reduced C:N ratio. Increased δ 15 N indicated uptake of deposited N. The response of D. rotundifolia was less clear with impacts only at the highest rate of N deposition. There was no evidence of differential uptake of reduced or oxidized wet N deposition by either S. papillosum or D. rotundifolia. Using the natural abundance stable isotope method we estimated the minimum contribution of prey N to the total N in D. rotundifolia to be 35%. The results suggest that differences in the uptake of reduced or oxidized wet N deposition might not be ecologically significant when wet N deposition is added realistically. They also support the suggestion that a model of N dynamics in Sphagnum-dominated ecosystems that includes the role of Sphagnum as a small-scale ecosystem engineer, is required to predict vascular plant responses to N deposition accurately.
Introduction
Plant and ecosystem productivity is often limited by nitrogen (N) availability (Vitousek and Howarth 1991) . As such, the deposition of anthropogenic N emissions can have important long-term impacts on biodiversity and ecosystem function (Vitousek et al. 1997; Sala et al. 2000; Galloway et al. 2008) . The largest impacts are expected to occur in the most N-limited ecosystems, because the ability of plants in these ecosystems to respond to increased N availability is often limited (Bobbink 1998) . Species that can utilize the increased N availability better will out-compete those that cannot, resulting in a loss of the less competitive species. Thus to understand plant community responses it is important that we understand how different competing species might respond to increased N deposition. Furthermore, these responses must be considered under near natural conditions because other biotic and abiotic factors might conceivably interact with plant responses to N availability.
Plant communities on ombrotrophic bogs are particularly threatened by increases in atmospheric N deposition, because atmospheric deposition is the only external N source. As a result, changes in atmospheric N deposition have substantial impacts on total N inputs. In the short term the impacts of N deposition are detectable in plant tissue chemistry and stoichiometry (Skinner et al. 2006 ). In the longer term these impacts translate into species loss and community change (Bubier et al. 2007) .
Ombrotrophic bogs are dominated by Sphagnum spp., the capitula of which form a tightly interconnected lawn. This Sphagnum lawn plays an important role in ombrotrophic bog N dynamics and response to deposition. The Sphagnum capitula absorb atmospheric N inputs (Williams et al. 1999) . The resulting interception and retention by the Sphagnum lawn reduces availability to associated vascular plants (Svensson 1995; van Breemen 1995) . At higher rates of N deposition the Sphagnum is predicted to become N saturated and to no longer retain deposited N (Lamers et al. 2000) , though N retention by Sphagnum capitula may be reduced even at low levels of N deposition (Bragazza et al. 2005) . Nonetheless, the moderation of N availability by Sphagnum is predicted to be reduced at higher rates of N deposition (Heijmans et al. 2002) . Therefore, it is important to determine individual species responses to N deposition when growing within this Sphagnum lawn.
Carnivorous plants capture and extract nutrients from animal prey (Ellison and Gotelli 2001) . They are in general restricted to low nitrogen, high light environments due to costs (Carbon) and benefits (N) associated with the carnivorous habit (Givnish et al. 1984; Ellison and Gotelli 2001) . As such, carnivorous plants are common in ombrotrophic bogs. It is predicted that carnivory will become less important as nutrient availability increases, but that due to the cost of carnivory, carnivorous plants will be out-competed by associated non-carnivorous plants (Ellison and Gotelli 2002) . However, there are only few studies that have quantified the contribution of prey N to the N budget of carnivorous plants. Those that have, used the natural abundance stable isotope method (e.g., Schulze et al. 1991 Schulze et al. , 1997 Moran et al. 2001; Millett et al. 2003) . This method allows the estimation of the contribution of prey N to the total N content of carnivorous plants in-situ and with no manipulation of prey or root N availability. The 15 N natural abundance in carnivorous plants is a result of the 15 N in root-derived N and that in insect-derived N. These two sources of N tend to be distinct in their δ 15 N signature (i.e., the ratio of 14 N/ 15 N relative to that in air), due to 15 N enrichment at higher trophic levels. The natural abundance stable isotope method uses these differences in a simple 2 end-point mixing model to quantify insect and root N uptake. The δ 15 N of Sphagnum is also a useful indicator of N availability and because it closely reflects available N in the bog and is therefore sensitive to the δ 15 N of atmospheric inputs. The carnivorous plant Drosera rotundifolia has a circumboreal distribution and normally, though not exclusively, grows within the Sphagnum lawn in ombrotrophic bogs. Therefore an intricate relationship exists between the responses of these two plants to N deposition. In this study we transplanted mesocosms consisting of Sphagnum 'turf' containing Drosera rotundifolia from a naturally occurring ombrotrophic bog, into an existing manipulative N deposition experiment set up on an ombrotrophic bog (Whim Moss) near Edinburgh, UK. The mesocosms were in place for two years with levels of N deposition (reduced or oxidized) manipulated under realistic conditions (i.e., added throughout the year and concurrently with each rainfall event) with additional N inputs ranging from 8 to 56 kg N ha . Therefore total background N deposition at the site is estimated to be 11 kg N ha -1 year -1 but may vary by 1-2 kg N ha -1 year -1
. The site has received experimental additions of wet N deposition since July 2002. A full description of the experimental set up can be found in Sheppard et al. (2004) but a summary is provided here. Wet N deposition treatments were applied throughout the year in parallel to this background deposition and rainfall. This system provides uniquely realistic patterns of N deposition. Rainfall collected at the study site was mixed with NH 4 Cl or NaNO 3 and sprayed onto 12.6 m 2 circular plots to achieve total N depositions of approximately 16, 32 and 64 kg N ha -1 year -1
(based on estimated background N deposition of 8 kg N ha -1 year -1 prior to the establishment of the experiment). The system was automated and N was only applied when rainfall occurred and when the wind speed was below 5 m s -1
. Each plot received the same volume of water (measured using individual water meters), equivalent to an additional 100 mm of rain per year. Additional control plots received only water additions at the same rate as the other plots. Each of these seven treatments was replicated four times in a complete replicate block design. N additions were made from a bulk chemical supply to ensure that the δ 15 N of added N remained constant. The δ 15 N of added NH 4 Cl and NaNO 3 was −0.68‰ to −0.58‰ and +3.1‰ to +4.3‰ respectively (Skinner et al. 2006) .
In September 2007 mesocosms (38 cm×24 cm and 5 cm deep) consisting of Sphagnum 'turfs' dominated by S. papillosum with abundant Drosera rotundifolia were transplanted into each of the 28 experimental plots. The turfs were removed from a mire with typical NVC M15 vegetation, (Rodwell 1991 Only insects <2 mm were used for this sample, reflecting the likely size of prey.
The plant samples were rinsed in de-ionized water and any contaminating debris was removed. All samples were then dried at 70°C for 72 hours. D. rotundifolia plants were then weighed. All plant material was milled to a fine powder in a ball mill, insects were ground using a pestle and mortar. The δ 15 N of all tissues was analyzed using a Carlo-Erba elemental analyzer linked to a Dennis Leigh Technologies IRMS. Results are given using the δ notation expressed in units of per mil (‰) where The contribution of insect-derived N to the total N content of D. rotundifolia was calculated using a simple two end-point mixing model as follows (following Millett et al. 2003) :
Where, %N dfp is the proportion of N derived from insect prey, δ 15 N between D. rotundifolia, S. papillosum and captured insects were tested using a repeated measures GLM.
Results
There was a clear and consistent increase in δ 15 N and N content and a decrease in C: N of S. papillosum tissues as a result of increasing N deposition (Fig. 1, Table 1 ). These impacts were statistically significant at N addition rates of more than 16 kg N ha -1 year -1 . This pattern was consistent for both years, though between 2008 and 2009 there was an overall decrease in mean C:N (from 36.1±1.1 to 32.7±1.2) and δ 15 N (from −1.78±0.18 to −1.07±0.17) with no significant change in N content. Sphagnum papillosum receiving additional N deposition as NO 3 -had slightly higher δ 15 N than those receiving additional N deposition as NH 4 + , while those receiving just ambient N deposition had lower δ 15 N than both these treatments (Fig. 2) . However, these differences were not statistically significant.
The response of D. rotundifolia to the N addition treatments was different to that of S. papillosum. δ ). However, at N additions of over 32 kg N ha -1 year -1 there was a significant increase in tissue percent N content and decrease in C:N ratio. This pattern was also consistent in both years, though there was an increase in percent N content (from 1.54±0.05% to 1.78±0.06%) and a decrease in C:N (from 31.4±0.9 to 27.4±0. Significantly more insects were present in traps and a larger proportion of leaves contained trapped prey in 2008 but there was no significant difference between treatments. The mean δ 15 N of collected insects was 4.38±0.33‰. The δ 15 N of trapped insects differed significantly in each year but not between treatments (Fig. 3) . Considering all the δ 15 N data together there were significant differences in the δ , numbers in parenthesis are the rates of additional N applied to plots. Mean values represent reduced and oxidized N deposition. Letters indicate significance of difference between each N deposition rate, regardless of year (there was no significant year × N deposition interaction for any of the measures) (Fisher's LSD, P<0.05). The significance of the main effect of year is presented for each measure Presented are the d.f. and P values for the effect of level of N deposition (4 levels) type of N deposition (3 levels) and years of measurement (2 levels). All 2-and 3-way interactions were non-significant and are therefore excluded.
Discussion
This is the first field-based experimental N deposition study where N is added in a realistic way (i.e., throughout the year and concurrently with rainfall events). As such we can be confident that plant responses represent those expected in-situ. There is clear evidence that S. papillosum took up and incorporated deposited N into its tissues. This resulted in increased δ 15 N due to the distinct δ 15 N signature of the added N. This increased N uptake resulted in increased tissue N percent content and reduced C:N ratio of S. papillosum plant tissue. This response supports previous studies that have demonstrated the incorporation of experimentally added N along a range of addition rates (e.g., Soares and Pearson 1997) and changes along gradients of N deposition (Bragazza et al. 2005) . These impacts were statistically significant at levels of N deposition above 16 kg N ha -1 year -1 . This is consistent with the model proposed by Lamers et al. (2000) , who suggested that at N deposition rates between 12-18 kg N ha -1 year -1 N percent content in the tissue of Sphagnum would increase. However, Bragazza et al. (2005) and Jiroušek et al. (2011) found that under long-term N deposition of more than 10 kg N ha -1 year -1 there is no impact of increasing N deposition on Sphagnum tissue N content. Our results are not inconsistent with these previous studies. Sphagnum capitula N content in our study (1.10% to 1.60%) are not qualitatively different to those of Bragazza et al. (2005) (approx. 1.19%) or Jiroušek et al. (2011) (1.07% to 1.67%) at similar levels of N deposition. It might be expected that there will be a time-lag between the addition of N and the saturation of plant tissues, and that this time-lag will be longer under lower levels of N deposition. Therefore, in our two-year study the measurements might reflect differences in the rate of change rather than final tissue N concentrations per se.
The impact of N deposition on D. rotundifolia tissue N percent and C:N ratio was only significant at the highest rates of input (i.e., >32 kg N ha -1 year -1
). Presumably this is due to some N saturation in S. papillosum or at least due to uptake by S. papillosum being slower than deposition at these higher levels of N deposition. Lamers et al. (2000) suggested that deposited N would only become available to co-occurring plants above 18 kg N ha -1 year -1
. Our findings support this, at least for D. rotundifolia. Sphagnum has previously been shown to intercept and store added N making the N unavailable to co-occurring D. rotundifolia (Svensson 1995 ). This appears to be the case in the present study and is consistent with the role of Sphagnum as a small-scale ecosystem engineer. However, Sphagnum might not necessarily absorb all deposited N. If this is the case in the present study then additional N availability was not high enough to result in changes in D. rotundifolia growth and physiology until N deposition was above 32 kg N ha -1 year -1 . Differential uptake of NH 4 + and NO 3 -by Sphagnum spp. has been demonstrated in glasshouse studies, with preferential uptake of NH 4 + (Jauhiainen et al. 1998; Wiedermann et al. 2009 ). The implication is that Sphagnum spp. will be differently affected by deposition of NH 4 + and NO 3 -. The present study provides an ideal opportunity to test the significance of this differential uptake, in a system receiving N deposition in a realistic manner. The patterns of δ 15 N of the S. papillosum and D. rotundifolia followed that of their potential N sources. Those in the controls had lowest δ 15 N, those receiving NH 4 + had intermediate tissue δ
15
N values and those receiving NO 3 -had the highest tissue δ 15 N values. These differences probably reflect the lower δ 15 N of rain water (not measured in the present study but generally 15 N depleted -Freyer 1978; Heaton 1986 ), the intermediate δ 15 N of the added NH 4 Cl (−0.68‰ to −0.58‰) and the higher δ 15 N of the added NaNO 3 (+3.1‰ to +4.3‰). This indicates little difference in the uptake of N from these different sources, which would have resulted in patterns of δ 15 N that differed from that of the added N. This is further supported by the lack of impact of N type on any of the measurements except for δ 15 N. The discrepancy in the results of previous studies and the present study may be due to the way in which the N is added in the present study. This may mean that the results from previous ex-situ studies do not translate into measurable impacts where simulated N deposition is added in a realistic way. This may be because the differences are short lived as was shown by Pearce and van der Wal (2002) for Racomitrium lanuginosum. However, the uptake and impact of different forms of N by bryophytes is species specific (Paulissen et al. 2005) , making it difficult to compare between studies.
There was no significant impact of N addition on δ 15 N of D. rotundifolia, as would have been expected if the plants took up any of the added N. This could be due to a number of reasons. It might be the case that the additional N provided by the deposition treatments was not available to the D. rotundifolia plants because it was intercepted by the Sphagnum before they were able to access the N, as has been shown by Svensson (1995) . Alternatively the D. rotundifolia plants may have taken up the added N but the change in δ 15 N was offset by a reduction in prey capture (i.e., the elevated δ 15 N of the prey would then contribute less to the δ 15 N of the D. rotundifolia). There is further evidence to support this second scenario. The differences in δ 15 N of D. rotundifolia reflected those in the added N. This strongly suggests that the D. rotundifolia plants were taking up the added N. A reduction in prey capture when N deposition was higher would be expected because the investment in prey capture has a lower relative benefit at higher N availabilities (Givnish et al. 1984) . Additionally, reduced investment in carnivory by D. rotundifolia when root N availability is high has been shown by Thorén et al. (2003) . Therefore, we tentatively suggest that this was the case for the D. rotundifolia plants in our study. However, this cannot be confirmed with the data we collected, in part due to the difficulty in our study in determining the proportion of N derived from prey (%N dfp ) using the natural abundance stable isotope method.
Where there are sufficient differences in the δ 15 N of root-derived N and preyderived N, %N dfp can be calculated using the δ 15 N signature of the carnivorous plant, a sample of potential prey and associated non-carnivorous plants (e.g., Schulze et al. 1991 Schulze et al. , 1997 Millett et al. 2003 ). This approach is the same as that proposed by Shearer and Kohl (1986) and used widely to estimate the proportion of N 2 derived from atmospheric fixation in N 2 -fixing plants. For any use of this natural abundance stable isotope method the choice of references for the two end-points is central to the accuracy of the model (Boddey et al. 2000; Unkovich et al. 2008) . When estimating N dfp the two end-points represent carnivorous plants that have obtained all or none of their N from insect prey. The use of a sample of potential or actual prey has been universally adopted for the former. This assumes that the δ 15 N of N taken up from digested prey is the same as the δ 15 N of the entire insect. However, carnivorous plants do not take up all N contained in their insect prey. For example, Hanslin and Karlsson (1996) found that Pinguicula spp. and D. rotundifolia took up between 29% and 42% of the N contained in insect prey. If this uptake is not evenly distributed between insect tissues, or if there is fractionation of 15 N during assimilation, the δ 15 N of prey-derived N may differ from that of the prey. Nonetheless, these differences are likely to be small relative to the large difference between insect δ 15 N and the δ 15 N of the target carnivorous plant. As such, the use of insects should provide a reasonable approximation of the δ 15 N of N taken up from prey, as long as the species composition used is representative of that of actual prey capture.
Different approaches have been taken to estimating δ 15 N of carnivorous plants that obtain no N from prey capture. Schulze et al. (1991) and Moran et al. (2001) used non-carnivorous vascular plants growing close to their target carnivorous plants. Millett et al. (2003) used both the Sphagnum that was the substrate for the target carnivorous plants and non-carnivorous vascular plants growing in close proximity. They found differences in δ 15 N as large as 1.4‰ between the Sphagnum and non-carnivorous vascular plants. Schulze et al. (1997) used non-trapping leaves of the target carnivorous plant as references for this end-point, though this assumes no transfer of prey-derived N between tissues. In the present study, we used two different reference plants: the S. papillosum that was the substrate for the D. rotundifolia plants and the lowest δ 15 N of D. rotundifolia plants. Co-occurring noncarnivorous vascular plants could not be used because the turfs were transplanted without these. The use of the minimum D. rotundifolia δ 15 N probably provides an accurate minimum %N dfp because issues regarding the requirements of similarity in root N sources and in 15 N fractionation are eliminated by using the same species. Millett et al. (2003) found that the D. rotundifolia with the lowest δ 15 N had δ 15 N values almost identical to that of the Sphagnum in which they were growing. This indicates that in their study the use of either of these two methods would give similar values for %N dfp , and shows that both were suitable. However, in the present study the values for %N dfp calculated using S. papillosum as the reference species (on average 13%) considerably underestimated %N dfp . The estimate for %N dfp was lower than the minimum inferred from using the lowest D. rotundifolia δ 15 N (on average 35%). Therefore, we must conclude that in the present study S. papillosum is not a suitable reference species for calculating %N dfp . The reasons for this probably relate to the ex-situ nature of this study, resulting in complex 15 N sources and interactions between N deposition, S. papillosum and D. rotundifolia N uptake in a system that had not yet reached equilibrium. We suggest that care should be taken when using the natural abundance method to estimate %N dfp for carnivorous plants in ex-situ studies. As a result we can only conclude that the D. rotundifolia plants in our study obtained on average a minimum of 35% of their N from prey. This is consistent with previous studies (e.g., 50% for D. rotundifolia in the UK found by Millett et al. 2003) .
We conclude that the D. rotundifolia in this study obtained a significant proportion of their N budget from their insect prey, but it was not possible to determine the impact of N deposition on this N source. S. papillosum in this study intercepted and stored deposited N resulting in increased tissue N concentration and decreased C:N ratio. D. rotundifolia was relatively unaffected by the increased N deposition, though there was some evidence of increased tissue N concentration at the highest N deposition rates (64 kg N ha -1 year -1 ). These contrasting responses may be because of the alternative (prey) N source of D. rotundifolia or because Sphagnum acts as a small-scale ecosystem engineer at lower N deposition rates. Furthermore, this study shows that even after only two years of N addition, wet N deposition with a distinct 15 N signature can be traced in S. papillosum but not D. rotundifolia. Finally, the plants in this study system showed no discernable difference in response to reduced or oxidized forms of wet N deposition. There was also no evidence of differential uptake of deposited N when added in reduced or oxidized form. This suggests that, in the short term at least, it is the amount of wet N deposition and not the form of deposited N that is most important in terms of plant response.
